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SUPERCRITICAL FLUID DRYING SYSTEM 

This application relates to pending applications US60/155,454, filed 9/70/99 and 
US09/632770, filed 8/4/00. ' 



BACKGROI [ND of THF INVENTION 
TECHNICAL FIELD OF THE INVFNTTnM 

This invention relates to methods and apparatus for the fabrication of micro-electro- 
mechanical systems (MEMS), micro-opto-mecharnca, systems (MOEMS), surface micro 
-chined systems, and similar wafer-mounted microstructures; and in particular to methods 
and apparatus for applying supercritical fluid drying techniques in the fabrication of 
microstructures. 

BACKOROI r^ n a pt 

One method of nurturing micro^Wmechanical systems (MEMS) baKd 
devtccs is Sacrificial Surface Machining (SSM) or surface micromachining Fig , is a 
prior art illustration of a simple "anchored- SSM silicon based production process. ,„ Fig 
la a substrate, such as SiHcon. is deposited with a sacrificia, materia,, such as grot™ 
Sthcon Dtoxide or SiO, ■„ Fig. ,b, the sacrificia, materia, is etched to open a h„,e for the 
anchor of the structure. ,„ Fig: U, a structural materia, such as p„, y si,ico„ is deposited on 
the social material. In Fig. ,d, the sacrificia, materia, is etched away to teiease the 
structural ,ayer, creating the microstroke. TTtese steps can be repeated ,„ form mote 

complex multilevel structures Althonoh <;;n ;.. „ 

ures. Although Si0 2 ,s a common material for a sacrificial layer 

other materials like photoresists may be used in other applications. 
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water. wh,ch causes the problem of stiction upon drying. 

5 Stiction or adhesion occurs when a "released" „„. , ^ 

Fig. 2 gives a visual r m , . ■ C adherK '° another 

gtves v, SU al repreaentauon of stiction and how I, is generated Fin u, 
properly released cantilevered polvsilicon h„ genera,ed ' Ftg. 2a, shows a 

FiS. 2h. shows how the ^^1^ 7 " qUid S "" ^ " 
-» .owards the silicon L^TTT h ' *"* 
10 rendenng to device flawed. ^ » "* — * 

iD ^ = — (cos0, +COS0,) 

r.*irrr;'.*T" 

vary during its use and m . „ ^ ° f rifflh * ^ uid can 

«y unng its use and may lead to unpredictable stiction and loss of yield. 
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Working to find improvements „ fc QmttolM ^ j 

sticking of te = struchues „ , he sub!Mte , a , ^ ^ 

c*a™ . Berkeley have developed . p _ s for ^ smcon ^ ^ a J 

Huid environment. In it's siroercritiral ct*t„ ,l. 

supercritical state, y, the surface tension is zero, and therefore 

cap, W forces cannot he built up as can be easHv seen in the equation. If it is now possible 
to keep the environment su^ounding the suture in a state with y . 0 during the who,e 

drying process, stiction never occurs The sunfrrriri^i fi ^ r L . 
.. . . J ne su P ercr, ticaI fluid of choice was C0 2 , carbon 

droxrde, due ,0 its ,„w critical pom,, dercmtined by . crilical teraperatuK Te rf 3u 

cenngrade and a critical pressure pc of !073 pounds p., s,uare inch over armosphere. 

B f° re CO > - a PPued for drying, „„ inttmlediate ' 
.ntroduced based on the fact, tita, water, to nnsing liouid ^ after fte ^ 
step, ts no, miscible with CO2. After rinsing, when tite wafer sti„ „ wet ^ water , „ e water 
baa to be replaced by a mareria, te „ miscible ^ COj ^ ^ ^ ^ 

any other material that i s to 100% miscible with rn a _i. 

miscioie with CO,. Furthermore, the wafer has to be ken 

submerged tn methanol till i, is safely deposited in the process ehamber. 

Using mis laboratory me[hod , . silico „ ^ a ^ „ f 

stntcrere, having been &bricattd fa fc ^ ^ ^ ^ ^ 

replaemg me rinsing ,i qui d water by medranol, is innoduced into a prepare vessel, with , 
b— orientation, aubme^ed in methanol. To accomplish mi, tire pressure vessel is firs, 
till* wrd, methanol. Then me operetor q uick,y ^ me ^ jM0 ^ ^ whjlc 
deftly attempting ,0 main* a Uqurd layer of meti.no, on rhe wafer surface during this 
danspon. The pressure vessel is then sealed, and a threugh-flow of ,i ouid carbon dioxide „ 
mnoduced for about 15 ra i„ utts . ^ methan0| „ ^ y ^ ^ fc 

droxrde and carried out of the pressure vessel. When the vessel has beer, entirely purged of 
metitano, trnd is completely filled with pure , iqi tid carbon dioxide, hea, is appfied mtifomtiy 
for several minutes, causing me carton dioxide ,0 Position ,0 fa supercritical phase 
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processor " 7" ^ " "* — * — « «■ 
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20 



Z T ,s sutoble for inte6ra,ion *• • ««*— *» «* 

„ f te PreSOTe VKSe , is manua] ^ too siow; ^ 
it rr rr: ,y accorapiished - ,o ° s, °- - -—■ t 
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wafer ^TT^ " ^ * « «* * «- -* -on te 

efficiency resnJUng in ,ow device yields. ^ " 
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SUMMARY OF THF INVENTION 

The invention, in its simplest form, is an apparatus and method for implementing and 
improving on the prior art methods for the drying of micro-electro-mechanical structures on 
silicon wafers or other substrate material or drying of wafers in general. 

It is therefore an object of the invention to provide a practical and safe production 
mechanism for the C0 2 supercritical phase drying of wafers, and of microstructures on 
substrates.. 

It is a further object to provide for emplacement of the wafers or substrates into the 
pressure vessel submerged in a first process fluid or rinsing agent such as methanol, and to 
then directly displace the methanol with a second process fluid also in a liquid state, such as 
liquid carbon dioxide, this being connected within the pressure vessel and without disturbing 
the microstructures. 

It is a yet further object to then elevate the second process fluid to supercritical state 
so as to cause the drying of the wafers with the benefits of the supercritical process, then 
reducing the pressure and temperature for recovery of the wafers. 

Still other objects and advantages of the present invention will become readily 
apparent to those skilled in this art from the following detailed description, wherein we 
have shown and described only a preferred embodiment of the invention, simply by way of 
illustration of the best mode contemplated by me on carrying out our invention. 
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5 device. ^ ^croelectromechanical system (MEMS) based 
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FIO. 2 is a prior art representation of the sequential „ a ■ 
Sacriftcia, Surface Micromachinm. method 7 f "*« 

experie„oi„ 6s , cliontalhedlyin ; p ~ * — MEMS based device. 



FIG. 3 is a perspective representation of the prior art lah™,. 

FIG. 4 is a diagrammatic cross section view of *. * 
> 5 invention, i, IusIrated ^ fc baK " * fc — *- appamn* 

vessel. Pl3,e ,n °" — <« » the invert pressure 

FIG. 5 is a diagrammatic cross section view of th n » l. ..• 
20 and imtide the container g downwa " 1 - respectively outside 

HO. 6 is a dia^mm atic cross section view of me embodiment of Figs 

closed posmon, ^ ^ ^ "«< 5 - « * «% 

Plate and the bottom of te ^ eXK, "" n8 » "early me base 



25 



FIG. 7 is a schematic representation of the fluid valve and „■ ■ 
embodiment of Figs. 4, 5 and 6. ^ ° f 
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Tlte invention is «^ of many vanadons. Accordi„ gly , ,he drawings md 
foHowng descripdon of the pre f e[red emWimem „ „ be ^ „ .^.^ ^ 
nature, and not as restrictive. 
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Rsfem "8'°^^5a n d6, t heyshowap re fe m d=mbod tara ,of t heapp iira ms„f 
the .nvennon in to open , xmi ^ D md c|osed ^ ^ 

TThT Pla " ( ' 0) ' SB " 0na,y ' " d ^ ^ ™vable; or 

«b bod, base p,a,e and pressure chamber movable; or wiih prepare chamter „„ held 

nonary and base plate (,0) being vetflcaily m „ vabl e. ta prefeired „ e 
desenbe a sudonary pressure chamber and moveable base plate. 

An advantage of ft, inverted pressure veSK , „ ^ rf 
generated by a removabie top and Ming im ft5 process ^ ^ ( rf 

tnverted, stadonary vesse, and movable base plate is to rebtjve ^ of e , evating fc 

pla* » the vessel, and the absence of flexible connecdons for supplying and removing 
process materials from the vessel. 

Refetring to Fig. 6, it shows base plate (,0) and pmssure chamber ( II, made of 
sutnleas stee, and electro-polished. Base plate (,0) and p re s SU re chamber (11, am sealed 
natng an O-ring sea, (16). One or mom wafers ,13) are placed in a wafer cassene (14, which 
. made of quartz or sainiess steel. Tne wafer cassede is aligned in container ,12) nsing 

cassette alignment fixture (18). The container m\ i* „i a l , 

t me container (12) is placed on the base plate (10) using a 

comainer aligmtren, famm (17) . ^ conQiner ( , 2) . $ ^ ^ ^ ^ ^ ^ 

as methanol or acetone. The choice of such fluid depends on its miscibility with li q „ id 
carbon dioxide. 



30 



The system contains interna! hea, exchanger (9, f„ r ^ md ^ te 
flutd, for which externa! connecdons are prided duough hear exchanger We, (7) and hea, 
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exchanger outlet (8 ). The sv<^™ ; 

over pre^i „ Z 717'*' ^ dlSt W> " ' » -« 

10 at pressure gauge (27) Tie did Preserver pressure isread 

reserve, J VE L flow ( £ ^ '°~ *~ " «" ««* * - - 

^re nt va I ve S c„ m ^r^T O,rV * e ^ flOWO5) - MdWtefl,, ^ 30 >- ^ 
(22), Purge to ^ . I M *" la * m -*™^ 

Describing now the methodoloev for ■.<=;„„ ,u 

— —03, ta _ „ ,2272ir wafecassette (,4X 

0 liquid level is about in , ■ °° nta,ner (12) 50 that 

The drying process is then started by nressina th* u 

*- <u,~— „« M „ ( , < ; - : 11 ^'- 
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mechanism (no, shown) is actuated ,„ provlde sultab|e „ openj rf ^ 

vessel under all process operating pressures. 

As noted, pressure vessel (1 1, has multiple process material supply and removal 
lures tha, penetrate me vessel wa„. Co mp ari„ g Figs . 4 , 5 , md S; „ otice (ha , ^ ^ 
Plate (10) is raised, vertically extending container ink, tube (1 ) and container outlet tube 
(4) which protni de downwardly from the roof of the chamber of pressure vessel („) enter 
contatner ,12) and extend to nearly the bonon, of the container as baseplate (10) is raised 
tnto place. A. the same time, vertically extending vessel .met rube (2) and vessel outlet 
tube ,5) also protrude from the roof of the chamber of pressure vessel (1 1), no, entering 
container (12) when the base plate ,10, is raised, bu, extending outside the container nearby 
to the base plate, outside container (12). 



main reservoir 



Once the chamber of pressure vessel (1 1) is completely sealed the 
valve low flow <„>, the dual inle, valve(20), the vessel hue, valve (22), the purge Hue 
valve (23), and the vessel ouflet valve (25) are opened. The container ime. valve (21 ) and 
the container outlet valve (24) are closed. The recovery inlet valve low flow (31) and 
recovery ime, valve high flow (34) are bom closed. I, is important to pressurize ,h= vessel 
slowly ,o avoid turbulence that might damage the microspores on wafers (13). Carbon 
4ox,de is introduced into me pressure chamber at a very slow rate, and the chamber 
pressure is monitored via readout from the pressure gauges (27), (32) and pressure 
transducers (33), (36). Since CC, is heavier than air, i, slow.y pushes arr out of the 
chamber rhxough purge line (3). This ensures the removal of air from me chamber Purgmg 
<s done nnt.1 the chamber is completely filled with C0 2 and all air has been exhausted. 

Next, the purge line valve (23) is closed, and me chamber is pressurized ,„ about 
700 ps,. When 700 psi pressure is achieved, main reservoir valve high flow (35) is opened 
and the chamber is pressurized faster to go to 1 1 00 psi. Once me desired pressure is 
achteved, which is monitored via chamber pressure transducer (33) as well aa chamber 
pressure gauge (32), the dual inlet valve (20), and vessel outlet valve (25), are closed The 
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system at this point contains .ethane, contained in the container and liquid C0 2 
surrounding the container in the chamber. 

The next step is removal of methanol f™™ .u 
liquid C0 2 . To do this, the container outlet valve 1241 „„h ,i 

n „ wn ,. , , " e <24) - ™ d * e recovety inlet valve low 

now (3 1), are opened, whereas vessel outlet valv* n<\ 

„ f , k „ „„ , . , alve < 25 > rcnla «K closed. The siphon action 

of the contatner „u,,e, tuhe (4) ensures rhe flow of methan0 , ^ ^ ^ , o 

separator aad recover s ys ,en, During this ^ ^ ^ 

r Placed v hquid CO, The constant flow of CO; via the vessel inle, tube (2, into the 
chamber fi„a„ y resells in renrova, of m e,haao, f rom confer (,2>. 

end ooinTd?! C ° mi '! "™ ^ ^ '°" lta " ^ — * 
I °" '° em,fae me,ha " 01 ^ ^ T- Once 

liquid carbon dioxide at 1 1 00 psi. 



Next, ustng heat exchanger ,„, the CO, in the pressu. vessel is healed ,o ahou, 35 

- 40 de^cenugrade.o.rapsfor.dte liquid C 0j into ifs supercririca, s,a,e A 
.1— p,e (no, shown, „ raounttd ^ ^ ^ (] ^ ^ ' 

emperature Ration hack ,o a s y ste m contro, confer. As hea, is appUed and rhe 
temperature of the CO ; is raised. them is a corresponding increase jn ^ 
presaure reaches a value above a ae, poin, pressure ^ ,„ be ^ ^ 

operating pressure for pressure vessel niw„.« • , 

v =>suie vessel (II), the recovery inlet high flow valve (34) is 

opened to relieve the pressure. 

valve ~ iC :' ~* " "» «— ^ ™ vessel oude, 

A 1 7 "* fl ° W " ° l ~ d W — pressure. 

m „r t T ^ U ^ - —~ ,o ling 

mode to hnng the vesse, ,o ,ess than 25 degree eentig.de. This enst.es tha, a. dte star, of 
■he next cycle, die vessel wi„ be a, ,ower ,ha„ cHUeal .ampere condition. The pressuce 
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irzii; op T d - •* wafer ^ — — * o r by automatic 

means, leaving the system ready for the next drying cycle. 

As wi,l he realized, the invention is capable of other and differen, embodiments 
mc nd.„ g conflations adapled ,o handling wafers hori20nla ,, y , . ,„ . ^ 
wafer cassette. , B several de,ai,s are capable of notations in various obvious ^ 
all without departing tan , he essence of the invention. 

For example, .here may 6e apparMS for ^ ^ ^ _ ^ 

en_,, consisting of an inverted press« vessel, a horizontal base p,a,e. a wafer 
con fl!ured f 0r supponing ffl ^ Me wafer . r ^ a ^ 

m«l™ , and where the container „ also ^ ^ eno 
and withm foe pressu, vessel. The apparu.ua may i„c, ude . way fo r a, igning the J T 
cassette wtfou, foe container, such as a simple fixture on the bottom of foe cLfoer and i 

pUte. The „ may also have an elevator or screw assembly or other ,1ft and loca 
mechanism for bringing fo e prKsure vessc| ^ ^ ^ ^ ^ 

relationship. 



a 



with a T""" ^ ^ "''^ 3 ™ y diSplaC '" 8 ,he * *■ 1— «- 
wtfo a second process fluid in a gaseous state, such as Carbon Dioxide, and a way to 

e evate foe second process fluid to a li q uid state, a„ d then disp]ace fce ^ ^ 
foe confer wtfo foe second process fluid wifoou, ar,y intervening contact of foe wafer by 
- r other subaances. The apparafos may forfoer include a way for e,eva,i„g foe second 
process tad t0 a supercritical state, and then teducing pressure in foe pressure vesse , , 0 
ambten, pressu*. There may also be a way for cooling foe remaining second ^ mi 
to below its supercritical temperature. 
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A™, herexamp , eoftheapparatuswiih . nthe 

ZZ y ex,endins vessel ta,ci Md ° ute — — «-= —tL. 

roof of .fc, pressure vesse , ^ raay ^ te ven . cai 
container inlet and outlet tubes »h Wfl • 7 eXlendin 8 



0 



In ye, another exa^e, fc pressure vesse , may ^ 

h pressure vesse,. And to m may ^ ^ up ^ - 
^^^^^^^^^^ 

P rcnticaj environment, consisting of using an apparatus of the 

■n«o a Cosed and sea,ed rctei „„sM P , a„ d aisplacing fc ajr h ^ J" 
second process fluid in a gaseous stale Th. m a 

process fluid ■„ r -h "'^ " ,elhod '"dude elevating the second 

second n ' ^ ^ ^ *— "« fa «— «* - 

« d proceas flu,d ,„ Us U q uid state. Tne ntethod may then iudude the steps of eievating 

pressure in the pressure vessel to ambient Dressy ^ „ i- , 
below supercritical 



e 
a 
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CLAIMS 



Among our claims are the following: 

5 > A„ apparatus for dtying wafers in a supercritical e„v, ro ,unen,, coraprising: 
an inverted pressure vessel, 
a horizontal base plate, 

a wafer cassette configured for supporting a, leas, one wafer for drying 
a container sufficient large t0 suomcrge said ^ ' 

0 wafo «-P- S s fl uid, S a i dc„„ I ai„era, S o W „ es u ffi cie„U y s m a,,,o fil o„ S a i dl 
plate and w.thm said pressure vessel, 

means for aligning said wafer cassette within said container, 
means for aligning said container on said base plate 

^^^^^^^.^^^ 

means for elevating said second process fluid to a liquid SI ate 
mean, for displacing said firs, process mdiasaid ^ 
process fluid in said liquid state, 

menus for elevating said second process fluid ,„ a supercritical state 
means for reducing pressure in said prcssure vessel to autbien, pressure, and 
means for cooling said second process fluid to below supercritical tempenuure. 

2. An appam.us for dtying wafers according to claim I , said m eans for displacing Ac air in 

said pressure vessel with a second process fliiiri in * „ 

una process tlu,d m a gaseous state comprising vertically 
downward., extending vessel * and outlet ,ubes, said «ubes tending outside said 
container and near said base plate, and a purge line outlet and associated valve a, the roof 
ot said pressure vessel. 
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apparatus for diying wafers accortms „ c|ajra ^ ^ for 
second process fluid to a IianiH c^t~ ^ 

ptessure vesse,. ""^ ^ ■« 

4. An apparatus for dr y,„ g wafere accord ,„ g „ ^ , ^ 

Process flu. in said corner w*. said second proKK fluid in Mid ^ ^ 
said conta.net and near the bottom of said contain*- 



5. An apparatus for drying wafers „ g „ chjm , ^ ^ fof 

second process fluid ,„ a „c al ^ a ^ ^ $ajd 

pressure vessel for increasing the temperature of said second ^ ^ 

6. An apparatus for drying wafers according to Cain, , , said means for reducing pressura i, 
ve*el and an assocrated purge line vajve for venting said pressure vesse.. 

7. An appaxa.ua f or drying wafe according ^ ^ 

process „„, d t0 below superaitfcal ^ ^ J_ ~< 

to cooling mode. 

S Anappararasfordrvntg^eraaeco^^,^ ^ 

9. An a p parate for drying w a fers in a supercritica! environment, comprising, 
a stationary inverted pressure vessel, 
a vertically movable horizontal base plate, 

a wafer cassette configured for supporting at least one wafer for drying, 
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a comainer su(Iicienlly large , 0 ^ ^ ^ ^ ^ ^ 

wa er ma firs, process fluid , ^ conB . er ^ sufficjen% smau to fl( ^ ^ d 
plate and within said pressure vessel, 

means for aligning said wafer cassette within said container. 

means for aligning said container on said base plate, 

means for elevating said base plate into a closed and sealed relationship with said 
pressure vessel, 

vertically downwardly extending vessel inle, and outle, tabes within said pressure 
vessel, satd tabes terminating outside said container near said base plate, 
means for increasing pressure within said pressure vessel 
verticaUy downwardly extending container i„ le , and outlet tubes within said 
pressure vessel said tabes terminating in said container and near the bottom of said 
container, 

a heat exchanger within said pressure vessel, and 

a purge line at the top of said pressure vpqq p i ™a 

pressure vessel and an associated purge line valve for 

venting said pressure vessel. 

10. Ana PP aramsfordryi„g„afe reaccordingtoc|aim9 fteher comprising me^ts for 
automattc ioading of said pressure vessel with said wafers submerged in said firs, process 



11. A method for thying wafer, i„ a supercritical environment, comprising- 
nsmg an inverted pressure vessel with a horizontal base plate 
using a wafer cassette configured for supporting a. leas, one wafer for drying 
ustng a container sufficiently large to submetge said wafer cassette and said « leas, 

one wafer in a firs, process fluid, said container also being sufficiently small ,o ft on said 

base plate and within said pressure vessel, 

aligning said wafer cassette within said container, 
aligning said container on said base plate, 
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*JZ* " d m vessel - said * - • — - 

5 elevating said second process fluid to a liquid state, 

displacing said first process fluid in said container win, «u 
said liquid state, $a ' d SeC0 " d ProCess fluid in 

elevating said second process fluid to a supercritical state 
reducing pressure i„ said pressure vesse! ,o ambient presslIre> md 
cooltng said second process fluid to below supercritical tempenuure. 

.2. A method for drving wafers according to claim , ,, said disp|aci „ g ^ ^ said 
pressure vesse, with a second process fluid in a gaseous stare comprislg 

adding said second process fluid into said pressure vessel through a vertically 
downwardly extending vessel inlet t,,K„ t vertically 
baseplate, and """"^ ~* « «— - «* 

p^^" dair ^ aP -' i -°-^°»^«>P--p a r.o f! a id 
.3. A rneflr^ for drying wafers according ,o claun „, said elevating said second process 

t compris,n8 admit,in8 — - — — - ™ - r 

process fluid 1111 a Pressure at least equal to the liquid slate pressure of said second 

R A method for drying wafers according ,o claim 1 ,. said displacing said firs, process 
flutd .„ satd confer with said second process fluid in said hquid S L compris^ 

^-Sadditionalsaidsecondprocess fluid insaid „,„, siateintosaidcorZ 
•hr^ugh a verucally downwnrdly ending confer inle, rube and exhausting said firs, 

^Process fluid ^ satd eonuiner through a s,d conlainer ourle, tube, IT l 
rerunning tnstde satd container and near me bouom of said container 
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15. A method for drytng „ afo according u c , aim , , ^ elevaijng ^ ^ 

ft* ,0 a supercritical stare co m pns,„ g applying heat t0 said sccond process ^ ^ 
a heat exchanger within said pressure vessel. 

16. A method for drying wafers according to claim 11 a ■ 

iuing to claim 1 1, said reducing pressure in said 

pressure vessel to ambient Dre<;<;iirp anm^ ■ 

pressors compnstng exhausting said second process fluid out a 

purge In* a, the top of said pressure vcsse, by opennion of m va|ve 

1 7. A tnethod for drying wafers according „ claim l6 , said reducmg pressiirc ^ 

pressure vessel to ambient Dressur? fin*h«- ™~ 

em pressure further comprising keeping the temperature of said 

second process fluid above its critical temperature. 

1 8. A method for drying wafers according to claim , 1 , said pressure vessel including an 
tnternal heat exchanger connected to external heating and cooling sources, said cooling 
said second process fluid to below supercritica, temperature comprising operating said heat 
exchanger in a cooling mode. 
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